41 660 . C)

AD-A2
IWWNIWMWWMM

AD

US ARMY '
LABORATORY COMMANU
MATUNALS TIGHNOLORY LABORATORY

MTL TR 91-14

SELF-PROPAGATING REACTIONS FOR SYNTHESIS OF
HIGH TEMPERATURE MATERIALS !

April 1991

\
MICHAEL A. RILEY, PETER D. ZAVITSANOS & JOSEPH J. GEBHARDT:

General Sciences, Incorporated
205 Schoolhouse Road

Souderton, PA 18964 9 _ 13505
OB

FINAL REPORT ' Contract DAAL04-87-C-0083

Approved for public release; distribution unlimited.
Prepared for

U.S. ARMY MATERIALS TECHNOLOGY LABORATORY
Watertown, Massachusetts 0217250001

9% 1017 047




*Arvazod ou 30 s1uM WTUR golITSdde JNTYIIW pouTesS.ouy ¢ pry MBWNT parmIERD
1y on e rRureds  np 936 WwTedr ® 10) SN CZp JO WMuXST ¥ (i POUTNIQO SIIM
ApAncodsa: ATRwp [son0Ice §CE PUP L6 SRENIOdE 8 10] I (11 PUY ‘0L] ‘9pf JO mNA oSuray
‘nsn fumroy wwnd sarq 205 PATOT Yo orea suru A1vwp oyB Jo suoniog
"suvpunog wred sth o1 porrferdos prq PIITT oY O IM DRIIA ALTEOTO 8ZBA SOTOGMO[Q 1TVIYTEE TOXITY
1o UOTIPPY M pUv FusvBmo TP I POMOS TOT SURINID | TN Toompuos Svarledosd-rror
omn NQE. Ayenb puw Arswp yln Jo voneano) o oA 01 WMDPEN M wors Ty

#1-16 YL "LIA # vodoy
£800-L3-¥0Y V(] # 1001000
6V/(-LY/11 - woday peury

ds ot pus pour

Ay 79681 W “uouwpnog
UoTOYEY JUBBTOT]Y ,  Pwoyg wmooowRS (0T
wouIRYy Jo 1wl pe1810di0ou] ‘se3usyIS jwssusn)
SPUOGL(] wrRTTL] PITYGan °f idosor

- — — c— emm— e e s — l*l'ullll"" — e e ev— G —— emm—— a0 a——

KOPMOd Uy SOUNAYY ‘(q 2R Aoy Y Yoy
IPMOJ TaTTUNTL
Vo amoosdan | gty
spsopy Loy Jo nepuA( 10} suotoYoy SuneBrdasg-Jrog
NOLLNARLISIA QRLATING 1000-TLIZD VI ‘wmormnmy, _
IHISSYTONN Nd-LOWTS ‘tmy
av Arovroqry ARoforyae ), srruoy Aunry s
Ammarod o 10 o qrm eouervadde sTIOW pavteS oty ¢ pry B ans pamywaw
Yty o m sunRdS NP g6 LOUSOdS ¢ 30 YW CZp JO WMUTXRD ¥ ML POTTINQO Arom _
ApABsodma: Ansusp | T %L POV BT'L6 Touroads v 205 s C11 PUW OLT ‘94 Jo ®NTA oS roay

‘1% TEMYD] 4 SUNN 30) PO NOWDRds v Py pEUTLIVED anw yow Anop wYBn o suenog

.Iﬁv§aas§a§31§a§§;§§»§‘a!o._;sfn.o.aﬁa.uﬂa
Jo vonTPPr o puv Tueewvimo sndwop ey pamon, oy .. SrmvBedosd g
gnﬁkuﬂﬂv«ﬂ-xgﬁiﬁ

A Y v
pun s w0 YL

?1-16 UL "LUW # sodoy
£300-.3+0VVQ # 1oenvo)

] ot 113030ALT 07 LY

68/6-L8/11 - yodyy ey

Amyooqg #9681 W "wowapnog

SUOTINIY MDY proy emogroops COT

DRIy JO 1 pavsodinogy ‘sedus)ds juseuan

9pUO™ J wrrv Y, TRIYYGRn) °[ gdasof

W A waog SOURRIAYY *(Q 313 “AOTTY "V oV
SDDMO] wmTiT |

femwy amnadun | iy

rpiop Loy JO FONUAS J0] DTy BunsBrdarg- RS

NOLNEMKLSIQ GALIKTINN 1000-TL120 Y ‘vmormngy

HIISSVIONN T4d-LOWTTS ¥y

av Arormroqr] MBoowg) framy Auzry ‘g

|
|
_
|
_
_
|

“4rearod ou 10 ey YU soTIvedds Jyw peTLB-ouyg ¢ pry T parsow
eyt om e swoursads wYEp g L6 weds § 297 sy CZp JO WHETYIW ¥ s POTTIIQO Sram
Ar2ansodsas An1suop | ™ WSS PV §3°L6 UOTOds ¥ 0] B [T PUY OL1 ‘9 JO oneA sfureay
"N remYey) Jurod sarq 207 PetoTes Mwwmeds em puv pouTYe arom yony Armop gl Jo suotung
"®UYpURoq Ut o o7 pririaries pry PYOTU 9N VTG PRWA ATTEDTS SDM STOGMOIG 1EOTTBy PxTT
o wonTpps 9 puv SunvYBno yrddwp ‘vt pomors ny O TWOTTPUOS SunvBedosd-Jras
npun Nn_;_. Amenb pus Anewp 18y o wnvumo} o SBnBAm 01 WANIWPUN FeM LOLD FY L

#1-16 WL "LLIA ¢ wodey
€300-L29¥0VV( # DRDUD)
VLY - wodoy vy

Anrony 79631 ¥d “wompnog
SUOTOITY IMUBTOYY PTOY ssnoqTOORS OOF
NIy Jo 1wy pnvsod;ioow] ‘sdusds jesusn
opToq] wrrAT ], RIYRORD) °f tdosor g
et R SOTNMATZ ‘Q 2R A9 'V YT
KIPMOY ]
VWK wraendun | gy
spiops Koy Jo FuIuAS 20) swTORY Rrnr¥edorg-Jg
NOLLNENLSTA QLLIATING 1000-2L 10 VIA ‘taoumngy
MEEISSYTONN Nd-LOWTS ooy
av Lrorogr] Bour, | srecomy Auny sy

“Amsasod ou 1 37T Y coTRIvadde STTYRW pouresS ouy ¢ pry MBuwns pareBw
1YY o M MBWTRES ORPP 16 WUDNS T 10) YN [ZP JO WNTINVW ¥ IR POTUTNAS aXam
Aancodsa ATIsuop 1eoTRIOON 4C8 PUY G5 L6 WDGIIGs ¥ 30] B £11 PV ‘OL1 ‘9 JO WA o¥eroay
‘NI [RINYIY 100d 9AIT) J0] PITIST ; Y5 Qom sonu Ayruep sy jo sootuag
"souspunoq uruf ot o1 porefarfos pry EIRTE oM STTYM SNIIA ADWILS amm EI(0YMOIG OYTRY P
Jo wTIPpe 3 pur Fuesvimo srdeop ‘et pomoq ¢ ] SvoeBedod- s
ppn Ty Amnb puw Answsp g Jo womwumo; ot oS

ds ot pue paar

1. | 7Y S.Cué
#1-16 AL LIA # wodoy
€800-L8-4OVV(Q # PRODOD)

o 07 oY

OVE-LY/ 11 - woday pruny

Aoy 9681 W "vowmpnog
SVOTORYY SO Proy Semaioos ST
oonIsRy Jo Iy pa1vsodioaE] ‘sadWeS JRIsvR
9PUOQY] wEURTL], Wvygan) [ ydosof
0 TDIOY TOTYMIAYZ " PR ‘A3 YV PYOIR
sTearwyy sagewdun | oy

spiom Ky Jo sommusg 10§ sUOTORSY BuneBrdosy-jpg
NOLLNERLSIO QALATINN 1000-ZL1T0 VN “usowngy,
QIAISSY'IDONN - LOWTS oy
av Kramoqey Alopaga] sroowyy Aoy <n




UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Dste Entered)

READ INSTRUCTIONS
REPORT DOCUMENTATION PAGE BEFORE COMPLETING FCRM
1. REPORT NUMBER 2. GOVT ACCESSION NO.| 3. RECIPIENT'S CATALOG NUMBER
MTL TR 91-14
4. TITLE (end Sublitle) ' 5. TYPE OF REPORT & PEROOD COVERED

Final Report
Nov. 1987 - March 1989

6. PERFORMING ORG. REPQAT NUMBER

SELF~PROPAGATING REACTIONS FOR SYNTHESIS OQF
HIGH TEMPERATURE MATERIALS

7. AUTHOR(S) 0. CONTRACT OR GRANT NUMBER(s)
Michael A. Riley, Peter D. Zavitsanos and
’ . DAALQ4~87-C-0083
Joseph J. Gebhardt
9. PERFORMING ORGANIZATION NAME AND ADORESS 10. PRQGRAAM ELEMENT. PRQJECT, TASK

AREA & WORK UNIT NUMBERS
General Sciences, Incorporated

205 Schoolhouse Road
Souderton, PA 18964

1, COMTROLLING OFFICE NAME AND ADDRESS 12. REPORYT DATE
U.S. Army Materials Technology Laboratory April 1991
ATTN: SLCMI-PR '1. NUMBER OF PAGES
Watertown, MA 02172-0001 27
14, MONITORING AGENCY NAME 8 ADDRESS(If ditferent (rom Controiling Ollice) 18, SECURITY CLASS. (of thie report)
Unclassified
3. OECLASSIFICATION/ DOWNGRADING
SCHEDULE

18. DISTRIBUTION STATEMENT rul this Report)

Approved for public release; distribution unlimited.

17. O1STAIBUY TION 8T ATEMENRT (of the sdatract entered In Block 20, {{ di{farent {rom Report)

8. SUPPLEMENTARY NOTES

Philip Wong - COR

19. KEY WOROS (Continue on reverse side If necessary end identily by block number)

Titanium powders ~ ‘ Heat of reaction
Boron powders Exothermic reactions
Titanium diboride Density

20. ABSTRACT (Continue on reverse side If necessary ond Identily by block numbder)

(SEE REVERSE SIDE)

8]0] ':E:"" 1473 eottion OF 1 nOV 63 1S OBSOLETE

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered)




UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Nera Fniered)

Block No. 20

ABSTRACT

The goals of this effort are focussed on low cost processing technology for the production
of high density, high purity, monolithic ceramic (titanium diboride) plates. The investigator'’s
approach centered on the Self-Propagating High-Temperature Synthesis (SHS) technique for
forming high purity ceramics. This technique involved the blending of high purity elemental
powders of titanium and boron to stoichiometric balance, pressing the powders into a rigid body

and heating the body to a reaction temperature in the range of 700 - 10000C. At the reaction
ignition temperature, the cleineuial consutuents would exothermically convert to crystalline titanium
diboride while producing large amounts of energy (1.2 kcal) and temperatures in excess of
3000°C. This process was combined with simultaneous compressive forces delivered by high

strength springs. The application of pressure at the precise instant of reaction produced highly
ductle/semi-solid ceramic structure amenable to low pressure densification.

Process parameters examined in this program included pressure range requirements,
unreacted “green body” density effects, metallic “sintering aid” additives and intermediate
exothermic reaction phase additions such as Ni Al, Ni Ti and Ti AL
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INTRODUCTION

Hard ceramics including TiB, produced by conventional methods such as sintering and hot
pressing require expensive high temperature process steps and machining which add significant
~ost to the material. The use of exothermic, self-propagating reactions (SHS), have recently
received interest especially by the Soviets to form high purity refractory compounds especially in
the boride and carbide systems. The cost effective production of abrasive compounds, cutting
tools and high hardness monolithic, refractory materials has been claimed.

The SHS process, at its basic level, involves the intimate blending of elemental powders at
stoichiometric levels (in this case titanium and boron). Once blended, the materials are pressed into
monolithic shapes and heated at one point to a reaction temperature (700 - 1200°C). U..on
achieving the reaction temperature, the remaining body is transformed via self-propagating thermal

wave into intermetallic or ceramic body based upon the original binary mixture (Ti + 2B — TiB,)

a schematic of this process is shown in Figure 1.

Most of the advantages of the SHS process have been discussed by the Soviets as well as
by the U.S. community and center on the following:

1. No significant process heat necessary.

2. Material can be shaped during the reaction and, therefore, requires minimum
machining costs.

3. The ternperature generated during the reaction (~3500%K as measured by
radiometer in this laboratory) is higher than conventional techniques, and
can thus, in principle, provide higher purity compounds.

4, The higher process temperature and melting in some cases, can favorably
influence microstructure and other significant properties.

* Lightweight ceramics which can be prepared by SHS reactions are being considered as
candidates for armor. Limited testing to date has identified the generic properties which can
maximize armor perforinance. They are as follows:

Highest Chemical Purity

High Microhardness

High Young's Modulus

High Weibull Modulus (High Fracture Toughness)
Grain size less than 20 microns
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FIGURE 1. Synthesis process for titanium diboride. Pocwders of titanium and
boron are blended to proper stoichiometry, pressed into a green body and
reacted with a point source. This ignition causes a self-propagating thermal
wave to pass through the body and convert it into titanium diboride.




6. Low Poisscen’s Ratio
7. Flexure Strength (does not correlate)

In the early 80’s, Zavitsanos() and his group were the first U.S. Scientists to synthesize high

density TiB, in relatively massive form using the self-propagating high temperature synthesis
(SHS) by providing heat externally only for initiation of Ti/2B mixtures, and applying pressure

simultaneously. The density was 97% of theoretical and the hardness exceeded that of
commercially available hot pressed samples.

The work was continued with ARMY/MTL funds and a more comprehensive study was

carried out on synthesis parameters and material characterization (2).

The results of the reaction thermochemistry reported(!.2) indicate that the calculated
adiabatic temperature of 3600°K, obtained in the reaction : )

Ti(s) + 2B(s) — TiB,(s) + AH

exceeds the melting point of TiB,, reported as around 32009-K(3). Studies of the microstructure of
the reaction pressings confirmed that a liquid phase is present during the process, and the reaction
is in a liquid + TiB, phase field. Electron microprobe results confirm that liquid phases must be
present and secondary phases (possibly TiB and Ti) and contaminants (Si, Fe), are rejected from
the liquid as the mass cools and are located at pore surfaces as inclusion in the TiB, matrix.

Stoichiometric and excess Ti powder mixes react to form TiB, with total metal impuiites
0.57 to 0.75%. The formation of a liquid during the reactions is a desirable situation and rapid
densification is readily accomplished.

Reaction pressing in graphite dies was used to form a finished sample 1.75” in diameter by
at least 1/8” thick. The graphite die assembly with a carbon-carbon filament wound “strongback”
retaining ring contained the compact during processing in a furnace atmosphere of flowing N; or
argon and with an applied force of 15,000 pounds. Figure 2 shows a typical temperature-
pressure-time profile used to synthesize and densify TiB, from the elemental powder mixtures.

Properties of the TiB, obtained during these studies are listed in Table 1 and were
sufficiently encouraging to exploit the possibility of utilizing the heat of reaction alone for
densificaticn and development of desirable structural properties. This would avoid the requirement
of extensive furnace investment, associated energy expenditure and long processing times and
enable a relatively low cost, big throughput fabrication process to be developed for TiB, tiles of
useful size. The work described in this report is directed toward that end.
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JABLE 1 : }
QQMEABIS.QH.QE_UBz-EBQD_U-QED_ELIﬂE_SﬂS;BBQQES_S

PROPERTY 11Bo-HOT PRESSED TiB7-SHS (Rel, 2)
(1) Chemical Purity 98.5% 99.5%
(2) Microhardness 2345 2200-2800
(Knoop, 500g)
(3) Young's Modulus 60 (40-80)
(108 psi)
(4) Weibull Modulus 28.7 58-85
(5) Grain Size <20um
(6) Density 98.5% 97%
(7) Poisson's Ratio 0.11 0.07
5




Dus -, the budgetary constraints which forced a premature end to the contract, the goals set
forth in the contract tasks have not been achieved. This report describes the results up to the time
of the program termination.

STATEMENT OF WORK
The specific contract tasks as determined by the Army are detailed below:
Phase I Process Development

« C-2.1.1 The contractor shall utilize the SHS technique to produce dense
titanium diboride wafer (at least 3" diameter x 0.30" thick) for the purpose of
optimizing the process to attain physical properties exceeding 90% density,
hardness of 2500 kg/mm? and three point bend strength of 80,000 psi. The
hardness and bend strength values shall not be less than 99% of the stated value.

* (C-2.1.2 The contractor shall develop the SHS process to produce rectangular
shaped dense titanium diboride tiles having the properties stated in C-2.1.1ina
reproducible manner.

+ C-2.1.3 The contractor shall produce a sufficient quantity of 3.0” diameter
titanium diboride wafers (a minimum of six), using the optimized processing
parameters, for the purpose of conducting characterization and physical property
measurements.

« (C-2.1.4 The contractor shall perform characterization measurements using x-
ray diffraction, chemical analysis for metal, carbon and oxvgen content,electron
micro-probe analysis on selected titanium diboride samples for the purpose of
observing and identifying the appearance of various phases and phase distnibution.
« C-2.1.5 The contractor shall perform physical property measurements at room
temperature to include density, flexure strength, hardness and fracture toughness on
selected titanium diboride samples.

+ C-2.1.5.1 The flexure strength shall be measured according to the
specifications outlined in MIL-STD-1942 (MR) 21 Nov 83 using a minimum of
thirty (30) tests per tile and four (4) point loading.

+ C-2.1.5.2 The hardness measurements shall be conducted using a diamond
pyramid hardness test with minimum of five hundred (500) gram load on a
minimum of ten (10) readings per sample.

* C-2.1.5.3 The fracture toughness shall be determined by using five (5)
measurable indents and each of these indents should be greater than five (5) times
the grain size.




« C-2.1.6 The contractor shall provide a program review at a site selected by the
CCR no later than nine (9) months after the start of the contract for the purpose of
demonstrating the successful fabrication of titanium diboride tiles conforming to
C-2.1.1 and to outline in detail the approach for Phase Il before proceeding into
Phase 11 of this contract.

+ C-2.1.7 Funds shall not be expended or charges incurred for work under
Phase Il and III requirements until authorization for such work is approved in
writing by the Contracting Officer.

» (C-2.2 Phase I Manufacturing of 4” x 4" x 1" Titanium Diboride Tiles.

« C-2.2.1 The contractor shall produce a minimum of three (3) titanium diboride
tiles having a minimum size of 4" x 4” x 1" thick using the optimum processing
parameters and scale-up development procedures obtained in C-2.1 with a goal of
achieving 98% theoretical density.

+  (C-2.2.2 The contractor shall conduct characterization and physical property
measurements as described in C-2.1.4 and C-2.1.5. on each tile produced for
C-2.2.1.

» C-2.2.3 The contractor shall evaluate the SHS scale-up process parameters to
determine if it is feasible to produce dense titanium diboride tiles larger that 4" x4 x
1" having the physical properties as specified in C-2.1 with 98% theoretical density.
+ (C-2.2.4 The contractor shall provide program review at the contractor’s site no
later than fifteen (15) months after the start of the contract for the purpose of
presenting the scale-up technology used to fabricate the 4" x 4" x 1" tiles

including all characterization and physical property measurements and to

outline in detail the approach for Phase I11.

« (C-2.2.5 The material from the above program review will be used to determine
if the contractor should proceed into Phase II. The determination of the
continuance of work shall be the sole responsibility of the Government and if
feasibility is not demonstrated to the satisfaction of the COR for any reason, the
contract shall be deemed complete at the conclusion of Phas= II requirements and
the final report shall be required in accordance with DD Form 1423.

* (C-2.2.6 Funds shall not be expended or charges incurred for work under
Phase 11l requirements until authorization for such work is approved in writing by
the Contracting Officer.

* (C-2.3.1 Phase Il Production of 6" x 6” x 1" Titanium Diboride Tiles.

+ C-2.3.2 The contractor shall produce a minimum of nine (9) ¢ach 6" x 6" x 1"
titanium diboride tiles with densities approaching 98% of theoretical density using
the scale-up facility and the optimized processing parameters established in C-2.2.




» (C-3.2 The contractor shall select three (3) tiles from the nine (9) tiles produced
in C-2.3.1, subject to the approval of COR, for the purpose of conducting
characterization and physical property measurements.

* (C-2.3.3 The contractor shall perform characterization analyses as specified in
C-2.1.4 on each of the three (3) test tiles selected in C-2.3.2.

* C-2.3.4 The contractor shall perform physical property measurements at room
temperature to include density, flexure strength, hardness, elastic modules,
Poisson’s ratio and a fracture toughness on each of the three(3) titanium diboride
test tiles from C-2.3.2.

* (C-2.3.4.1 Buik density measurements shall be made on all nine (9) tiles from
C-2.3.1. For each of the three tiles selected in C-2.3.2, density measurements shall
be made on samples representing nine (9) equal areas of each tile (sample size shall
be2”"x2"x 1").

* C-2.3.4.2 Flexure strength shall be measured as specified in C-2.5.1.5.1 on a
sample population of a minimum of thirty (30) tests per title.

» C-2.3.4.3 Hardness measurements shall be conducted according to C-2.1.5.2
on each of the three (3) test tiles.

* (C-2.3.4.4 Elastic modulus measurements shall be made using sonic measuring
technique subject to the approval of COR on each of the three (3) test tiles.

» (C-2.3.4.5 Poisson’s ratio shall be determined using a sonic measuring
technique subject to the approval of the COR on each of the three (3) test tiles.

» (C-2.3.4.6 Fracture toughness measurements shall be conducted according to
C-2.1.5.3 on each of the three (3) test tiles.

Deliverables

+ (C-2.4.1 The contractor shall deliver a minimum of six (6) titanium diboride
tiles with a minimum size of 6” x 6’ x 1" thick having physical properties as
specified in C-2.1.

» (C-4.2.2 The contractor shall fully document the SHS procedure used for the
scale-up development in producing the titanium diboride tiles from C-2.3.1.

» C-2.4.3 The contractor shall fully document the SHS procedure used for the
scale-up development in producing the titanium diboride tiles from C-2.3.1.

¢ (C-2.4.4 The contractor shall prepare a production cost analysis for the SHS
method of fabricating 6” x 6" x 1" thick titanium diboride tiles having the physical
properties as specified in C-2.1 and to base these figures on production lost of
1,000, 5.000, and 15,000 tiles and include this information in the Final Report.




EXPERIMENTAL
The SHS process involves a number of process variables that can be influential to a greater

or lesser extent in bringing about the desired product requirements. Those variables which have
been examined in the program are indicated by an asterisk in Table 2 and are discussed briefly.

MATERIALS

Materials used in the program include the following:

Titanium Powder (-325 mesh) AEE
Boron Powder (crystalline) (-325 mesh) AEE
Boron Powder (amorphous) (2 - 5 Hm) AEE
Boron Powder (submicron) Ca]lcry !
Nickel Powder (-325 mesh) Alfa

The amorphous boron in use has been found to vary in activity in qualitative firing tests and
is being monitored by batch number in fabricating SHS-TiB, to note inconsistencies.

STANDARD PROCEDURE

The standard method, used prior to including the variations to be discussed consisted of the
following.steps:

¢)) Weighing of titanium (-325 mesh) and boron (amorphous) powders in a 1:2
molar stoichiometry with 12% W/O added nickel powder (-325 mesh) for added toughness and

improved intergranular bonding.

(2)  Mixing by rolling in air for two hours in a plastic jar with wire screen (1/2"
mesh) to break up clumps and aggregates.

(3)  Compressing the mixed powders in a 3" diameter steel mold with steel
pistons to a predetermined pressure. (See Figures 3 thru 5).

(4)  Installing the ignition wire (pyrofuse) alongside one piston with 5 - 10 gm
of a titanium-submicron boron powder initiation charge.

(5) Recompressing the powders and initiating the reaction.




TABLE 2. PROCESS VARIABLES

MATERIALS

SOURCE
. * PARTICLE SIZE
* PARTICLE SIZE DISTRIBUTION
PURITY
REPRODUCIBILITY
* ADDITIVES (Ni, TiB,, B,C) !

PROCEDURE

MIXING - METHOD, TIME, ATMOSPHERE
* GREEN CAKE - METHOD, STRENGTH, DENSITY, UNIFORMITY, COMPOSITION
* PRE-TREATMENT - TEMPERATURE, TIME, ATMOSPHERE
DIE DESIGN
* CONTAINMENT - DIE CONSTRUCTION
* THERMAL CONTROL, INSULATION
IGNITION
PRESSURE SYSTEMS
ALIGNMENT
* REACTION TEMPERATURE, TIME
* POST TREATMENT

* EXAMINED DURING THIS PERIOD

10
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FIGURE 3. Low Pressure compaction apparatus. The 3" diameter ram at the top

is placed in compression prior to sample reaction. As reacted sample achieves a
liquid/ductile state, the spring compresses the ceramic disk.
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FIGURE 4. Reaction pressing die set-ups used with spring loaded press.
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FIGURE 5. Compaction dies for in-situ densification process.
Sizes ranged from 1” to 3 diameter to 3", 4” and 5”.

13




4) Installing the ignition wire (pyrofuse) alongside one piston with 5 - 10
gm of a titanium-submicron boron powder initiation charge.

(5) R‘ecomprcssing the powders and initiating the reaction.

The results of this procedure included the following effects:

(1)  Loss of material during reaction - this loss may or may not have been
stoichiometric from run to run and may have been a result of expansion of gases in the pockets of

approximately 50% dense green cake. Absorbed gases and vapors, especially on the amorphous
boron may also have contributed. Loss of material was also increased by the opening alongside
the piston left for the fuse wire. Losses between 5 and 40% of the initial weight were noted.

(2) Incomplete reaction of the boron powder which appeared to have been
agglomerated into soft inclusions at the periphery of the finished field as well as the top (i.e. away
from the initiation side) edges.

3) Porosity throughout the reaction product, but especially at the edges.

PROCESS VARIATIONS
Variations made in the standard procedure included the following for the reasons noted:

(I)  Introduction of the ignition wire through the side of the mold to reduce
clearance of the piston into the mold. In some instances less material was lost, but this approach
was not the solution. However, it was incorporated as a standard technique (See Figure 3).

(2)  Addition of 15 weight percent excess titanium (i.e., 1.15 Ti + 2B) to effect
complete reaction. This appeared to alleviate the problem of inclusions of excess boron and was
incorporated into the procedure.

(3)  Addition of small amount (4 - 5 weight percent) Callery (submicron) boron
to increase the heat generated per unit time (faster reaction). This did not appear to improve the
effects previously noted.

(4)  Use of mixed crystalline (-325 mesh) and amorphous boron in a weight
ratio of 38:62. This produced a higher density product (93.3%) on one case and is reserved for
future use.
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(5)  Heat treatment of the mixed powder charge at 90°C, 1509C in air and under

argon at 5009C (2 hrs) prior to loading in the die. A lower loss of powder during reaction was
noted in general as well as decreased porosity. This step is now included in the procedure.

(6) Stopping of the ram motion at a point calculated to yield a dense specimen
effectively reducing significantly the residual pressure on the final product. Aimed at preventing

mechanical failure of the reaction product. it did not appear to solve this problem. Its effect is not
yet clear.

7 Incorporation of selected powdered dilutent additives such as boron carbide
and prereacted titanium diboride for the purpose of reducing the reaction energy released per unit
volume, appeared to reduce density. Metal additives such as nickel and excess titanium were also
examined.

(8)  Variations in mold design were examined through the use of ceramic and
graphite die liners and Fiberfrax external wrappings to retain reaction heat for a longer period to
prevent thermal shock from fracturing the product. These were not successful. Carbon felt pads
placed above and below the powdered charge caused the pistons to approach each other off-axis,

effectively squeezing the molten metal to one side. Alternate approaches are being considered.

Bomb calorimeter measurements of the reaction Ti + 2B — TiB, have suggested that the
reaction is fast enough that sufficient energy is released to raise the adiabatic temperature of the

intermetallic compound above its melting point of 3200%K. It is this liquid formation during
reaction which allows dense compacts to be made under relatively low pressure. If a liquid-former
capable of wetting TiB, is also added, then more liquid phase is present and a longer pressing time

results. Nickel has been added by other investigators® and has also been used at GSI. Pure TiB,
compacts have been reaction pressed to greater than 80% of theoretical density under moderate
pressures of ~1000 psi. These lower densities are believed to be the result of trapping unreacted
islands of titanium and boron within a dense TiB, structure. A suggested mechanism for this
observation is that the liquid phase duration is so short that gas pockets can develop around
unreacted material and insulate the material from the reaction. However, if a small amount of
nickel is added, the liquid phase is sustained over a longer period of time span and gas pockets are
collapsed and eliminated. As a result, densities of over 90% of theoretical are readily achieved and
in some instances, on one inch diameter samples, full theoretical densities were reached. Knoop
hardness measurements of this material were made and values in the area of 1400 were recorded
with a I kg weight . These values were low when compared to prior work.
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RESULTS

Prior to incorporation of a two hour heat treatment at S00°C in flowing argon, most runs
yielded low density, porous products or tiles that were of lower density than would be expected
from the quality of powders utilized. This was due to entrapment of absorbed gases and oxides
on both the boron and titanium or loss of part of the charge by explosive expulsion of the gas
through gaps between the piston and cylinder of the die. After outgassing, loss of material was
reduced and densities were usually about 90% of theoretical. In nearly all cases, the tiles were
found to have broken into three or more parts; the presence of whiskers and oxidation regions on
the fractured surfaces suggests fracture occurred at a temperature high enough for such growths to
occur. Stringers or solidified small rivulets of a white glassy material were sometimes seen
possibly the result of oxides on the titanium particles.

In several instances, regions of unreacted powder, probably_borop, were found at the
edges and corners of the tile farthest from the initiating charge. Addition of excess titanium
overcame this in some cases, but not universally helpful, suggesting that the balance between the
rate of reaction, i.e., heat generation and loss of heat to the mold parts was not optimal. These
regions were found to consist largely of boron, identified by interference from the large amorphous
shoulder at the low mass end of the EDAX trace, plus magnesium, the major containment in the
starting powder, as well as some titanium.

Microstructural examination showed that, despite outgassing and the addition of nickel,
significant blowholes were clearly visible while the nickel had segregated to the grain boundaries.

Portions of higher density runs were examined and specimens selected for three point
flexural tests. Average values of 346, 170 and 113 MPa from specimens of 98, 88.5 and 85%
theoretical density respectively were obtained with a maximum of 423 MPa for a specimen 97.8%
dense. These compare well with results obtained in Ref. 2 but show greater scatter so that
conditioning or heat treatment will be required after the initial reaction to improve intergranular
bonding and uniformity.

Fracture of the reacted tiles appears to be the result of thermal shock in most cases and requires
better management of the residual heat of reaction. This is currently being approached through
improved mold design and insulation. Too rapid a release of pressure after reaction may also play
a part and this being addressed by the use of a more controllable pneumatic system.
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SHS Reaction/Compaction of TiB; : Gas Impurity Effects

This phase of the program examined the role of the starting materials (boron in particular)
absorbed impurities and their effects on in-situ densification processing.

The product of commercial elemental boron is accomplished primarily through the
thermomagnesium method:

Other methods include the reduction of boron compounds by hydrogen

2 BCly + 3Hy = 2B + 6HCI
BCly + H, = BHCI, + HCI

!

where the boron bromide is reduced by hydrogen more easily than boron chloride at 7500 - 8500C.

Commercial materials from both processes were obtained for incorporation into the test
matrix as was crystalline boron, a more pure but expensive grade of boron. The impurity
breakdown of the various materials is shown in Table 3. It is clear that 0, and Mg/Mg0 will cause
the resultant impurities if not minimized before reaction. It was found that the high purity materials
(Vendor A) immediately gained 1 - 3% oxygen upon exposure to air. Their combined higher cost
storage difficulties caused them to be least desirable for large sca': processing. Based on the
prohibitive costs of crystalline boron, the amorphous materials from vendor B were determined to
be most adequate for the program goals.

In each case, the rapid formation of the impurities as gases during the SHS thermal pulse
resulted in large pore channels forming inside the structure while exiting gases carried away as
much as 40% of the resultant TiB, Examination of the internal structure revealed the following:

L. large areas of discoloration indicative of Ti0,
2. large channei formation due to gas blow-out
3. strong sulphur-like odor indicative of borane formation

Items !) and 3) strongly indicate that the Ti + 2B reaction did not go to completion but, rather,
large areas of each element were isolated to react with the gas impurities upon quench. This
condition was verified by fracturing some green body compacts of Ti/B and aluminum. The
aluminum serves as a color differentiator and the fracture surfaces shown in large agglomerates of
boron powder. This agglomeration (100um - 1mm) problem was due to moisture pickup by the
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TABLE 3. OXYGEN IMPURITIES IN BORON POWDERS

AS RECEIVED
Boron Vendor A 1.5-1.8%
Vendor B 1.6-3.0%
Crystuliine Vendor C 1.0-1.2%
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boron powder in storage. This problem can only be truly overcome by complete inert gas and dry
box handling during each step of the green body preparation. Due to the potential fire hazard from
bake-out of the blended powders, moisture removal can only be done to the individual pre-mixed
powders.

While absorbed moisture can be reduced with bake-out at 1209C, the ttanium powders also

contain a monolayer of hydride which is removed at temperatures in excess of 4500C. This step is

best accomplished in vacuum and has thus far not been attempted since it is both expensive
(diffusion pump system) and time consuming (powder quench in vacuum 48 hr. minimum for
smaller quantities).

Post SHS Reaction Heat Retention

A leading cause of the specimen fracture evident in all previous efforts is the rapid thermal
quench which the materials undergo. This quench takes the ceramic body through rapid tension
and compression at temperatures below the ductile-brittle transition temperature, essentially ripping
the body apart. An additional difficulty with past samples again involved the rapid quench and its
effect on non-uniform material quench. The walls also quench first and the material densifies into
concave shape. The shape served to pin down the sample at the edges and assist in material
fracture by inhibiting the ceramic’s ability to contract.

To overcome these difficulties, the die configuration shown in Figure 6 was developed.
Patterned after similar devices used in Soviet SHS research, the device consisted of a massive
graphite sleeve (2" thick walls) with close tolerance graphite rams. The SHS precursor material is
centered in a fluid die of zircon sand. The sand serves three purposes: 1. thermal barrier, 2.
isostatic pressure and 3. impurity effluent gas absorption. Not shown in the diagram is a small
quantity of low density Ti/B (1:2) mixture placed around the igniter to assist in the uniform firing
of the SHS body. This design exhibits extreme resistance to the thermal cycling it undergoes
(thirty test firings without breakage) and also has completely eliminated the undesirable material
blowout that always occurred in the metal dies.

While this design is a major improvement in many ways, the Ti/B (1:2) reactions still resist
densification and contain internal oxides and boranes. Total body density as high as 80% have
been achieved for TiB, monoliths without binders. Materials are recovered with no surface
cracking but specimens fractured for analysis showed gas channel porosity and internal oxide
formation. In comparative studies, the Ti/C SHS system was also reacted/compacted in the same
apparatus. Although reacting at a lower temperature, the TiC system achieves densities 2 85%
with little if any internal contamination. This difference is based on the processing, the Ti/C
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Die Configuiration for In-situ Reaction/Densification
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FIGURE 6. Insulated die configuration for in-situ Reaction/Densification




system yields little if any gas and flame during reaction.
Internal Heating via Secondary SHS Reaction

Due to the limits in the current press and die design, the third effort concentrated on internal
heating of the SHS body by incorporating small quantities of a second exothermic reaction. To
accomplish this, powders of Ni/Al and Ni/Ti were blended into the Ti/2B system to form an
intermetallic grain boundary phase. These intermetallics were chosen due to their delayed reaction
mechanism. While their reaction temperature are far lower than the Ti/2B system (1200 - 20000C

vs, 32000C), their preheat reactions allows the reaction quench curve to be extended for several
secouds in the region of the ductile - brittle transition for TiB,. By the uniform dispersion of the
N¥/Al and Ni/Ti particles throughout the green body, it is hoped that a very uniform temperature
distribution can be achieved.

Results of this approach confirm the ability to apply uniform heat. R;mcr than the sample
forming a concave body as it did in previous tests, the compacts formed with intermetallic phases
were uniformly compacted, indicating even heat distribution during compaction.

Table 4 lists the Phase I experiments carried out as well as comments related to the
variations just discussed. Porticns of certain runs were selected for machining into test bars
suitable for three point flexure tests. These results are given in Table 5 and were compared to data
obtained previously by Zavitsanos and D' Andrea(!). The same trend is evident in both sets of data,
i.e., that flexure strength is related to density. Qualitatively it also appeared in general that the
processed discs tended to fail in the die into a number of pieces related to density. The majority,
with densities between 80 and 90% of theoretical yielding four quadrant shaped pieces. A few of
higher density fragmented more, while low density specimens (particularly those containing
unreacted boron carbide) tended to remain unbroken.

Scanning microscopy and probe analysis supported previous results showing nickel to be
concentrated at grain boundaries. Circular blowholes were evident indicating formulation of a
liquid phase during the reaction, quite possibiy the nickel of nickei-titanium phase. Whisker
formation and glassy stringers, possibly titanium oxide, were visible at low magnification (40 X)
on fracture surfaces.

DISCUSSION

The experimental variations introduced during this work period appear to have resolved the
problem of incomplete reaction (addition of 15 weight percent excess titanium) and alleviated the
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TABLE 5. Three point flexure test results

TEST SPECIMEN DENSITY FLEX STRENGTH
(% THEOR)  (MN/M€ ) (KSI)
1 80888 98.2 270 39.2
2 (1.15 Ti + 2B + 12% Ni) 97.8 423 61.4
3 80488 87.4 149 21.6
-4 (1.15 Ti + 2B + 12% Ni) 87.1 164 23.9
5 88.7 149 21.6
6 90.7 216 31.4
7 91988 79.4 106 15.4
8 (1.15 Ti + 28) 80.7 102 ‘ 14.8
9 (AMORP + CRYST B) 86.5 96 ‘14
10 85.3 107 15.5
11 86.5 110 16.5
12 87.4 122 17.7
13 89.4 141 20.5
14 91488 86 94 13.7 -
1.15 Ti + 2B + 12% Ni
(AMORP + CRYST 8)
SPECIMEN DIMEN. STRESSED VOLUME
1-6 25MMX7.5MMX4.66 MM 885 MM f .054 |N§
7-14 25MMX9.7MMX3.21 MM 787 MM .048 IN
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problem material loss during reaction to some degree. Fracture of the firing specimen remains a
problem and may be related to the manner of pressing, i.e., timing of pressure application and
release relative to the reaction propagation and level of pressure applied. Examination of certain
specimens showed whiskers and glassy oxide stringers to be present on the fracture surface as well
as colored areas suggesting reaction of titanium with oxygen (dark purple) and/or nitrogen (gold).
This suggests that fracture as the specimen had occurred at a relatively high temperature, perhaps
immediately after solidifying or on solidification temperature. Thus fracture of specimens could be
due to mechanical or thermal effects (quenching) or a combination of these factors. Efforts to
prevent thermal shock cracking by improved insulation and addition of a lower melting, non-
reacting metal (copper) have not been effective thus far.

As noted above, mechanical properties were found to be related to density of the specimen.
Specimens with the highest measured strength (see Table 5) had a fine-grained metallic appearance
with little or no significant porosity. However, specimens had been cut from as-formed SHS
products with no post-formation annealing which might heal microcracks and improve
intergranular bonding.

CONCLUSIONS

Results from this abbreviated effort show that the reaction of titanium and boron to
fabricate TiB) monoliths in relatively massive form is potentially feasible. Significant steps are
required however, to optimize the process; among the remaining challenges are:

l. Powder Purity Control - The fine powders utilized in the process (-325
mesh Ti and submicron B) naturally possess high quantities of absorbed gases
(primarily hydrogen from Ti and H,0 for B). Without careful removal of these
impurities, the rapid rate of temperature rise causes extremely high internal gas
pressures to occur. This rapid pressure formation causes blowout of contained
materials resulting in damage to the green body and the reacted sample. Moreover,
the inablity to remove all impurities during the reaction results in internal flaws
which serve as fracture initiation sites.

The cleaning procedure requires temperatures in excess of 4000C for

hydrogen removal. Due to this relatively high temperature, the powders must be
cleaned individually to avoid the possibility of reaction; this step requires powder
isolation from atmosphere and each of these steps requires added processing
expense.
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An alternate approach would be to slowly bake out the pressed green body
until it reaches the reaction temperature. Again, the energy requirement for body
purification adds to processing cost.

Improved Insulation of Post Reaction Sample - Immediately after the reaction
temperature is reached, the ceramic body undergoes a rapid, non-uniform

quench process which induces tensiled compressive modes randomly in the sample.
This results in severe micro-cracking. Once again, as an initial temperature ramp
provides “gentle” removal of impurities, a final ramping down will gradually
receive the internal stresses in the ceramic body and prevent fracture. The systems
examined in this program were insufficient and an external heat source is
recommended.

A further benefit from such heat control would be improved bonding between
grains in the body. The low values for flexure strength obtained in our test
specimens is indicative of extremely poor intergranular bonds. While this is due
partially to impurities, there is microstructural evidence that poor intergranular
bonds existed due to the extremely short sintering period allowed by the reaction.

Enhanced Pressure Delivery - While the methods for densification were

designed with low cost as a primary motivation, the spring assembly was not able
to achieve full density ceramic structures. In ceramic samples reacted with no
metallic additive, maximum densities were on the order of 95% theoretical. Only
when metallic binders or second phase intermetallic reactants were added did
densities achieve > 98%. While the other problem areas previously mentioned may
play a role in limiting the achievable density, tests with reactions involving less
materials with little or no gas causing impurity (titanium + graphite) were also
incapable of achieving full density.

An improvement in this area would be to utilize a hydraulic ram capable of
higher pressures. Such a system can be remotely operated so that pressure can be
maintained before, during and after the SHS process.

While the three main challenge areas add to the complexity of the
synthesis/fabrication operation, one or all are necessary to overcome the current
technical barriers. While this effort has not shown feasibility for the original low
cost processing technique, sufficient information has been gathered for future
stuaies aimed at more realistic processing of SHS reactions requiring more stringent
process controls.
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